Three exoplanets around the star HR 8799 have recently been discovered by means of differential imaging with large telescopes 1 . Bright scattered starlight limits high-contrast imaging to large angular offsets, currently of the order of ten diffraction beamwidths, 10l/D, of the star (where l is the wavelength and D is the aperture diameter [1] [2] [3] [4] [5] ). Imaging faint planets at smaller angles calls for reducing the starlight and associated photon and speckle noise before detection, while efficiently transmitting nearby planet light. To carry out initial demonstrations of reduced-angle highcontrast coronagraphy, we installed a vortex coronagraph [6] [7] [8] [9] capable of reaching small angles behind a small, well-corrected telescope subaperture that provides low levels of scattered starlight 10, 11 . Here we report the detection of all three HR 8799 planets with the resultant small-aperture (1.5 m) system, for which only 2l/D separate the innermost planet from the star, with a final noise level within a factor of two of that given by photon statistics. Similar well-corrected small-angle coronagraphs should thus be able to detect exoplanets located even closer to their host stars with larger ground-based telescopes [12] [13] [14] [15] , and also allow a reduction in the size of potential space telescopes aimed at the imaging of very faint terrestrial planets.
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To provide low scatter (which decreases with the variance of the wavefront error), we used the Palomar well-corrected subaperture 10 , a clear, 1.5-m-diameter, off-axis subaperture on the Hale telescope that provides root-mean-square wavefront errors of about 85-100 nm (compared to about 200-250 nm with the adaptive optics system coupled to the full telescope). Performance was further improved by reducing non-common-path wavefront errors arising from the noncoincidence of the science and wavefront-sensor cameras. These include differential pointing and focus between the cameras, and quasi-static scattered-light speckles that degrade off-axis contrast. The instrumental pointing needed under best atmospheric conditions, about 0.02l/D of the mask centre 16 , was achieved with upgraded mirror actuation in the Palomar adaptive optics system, and the noncommon-path focus error was reduced by minimizing residual light in the post-coronagraphic-mask pupil (Lyot) plane. Finally, the quasistatic speckle contribution was reduced from about 110 nm to about 40 nm using the science camera as a secondary wavefront sensor in a phase retrieval algorithm 17 . To reject the stellar diffraction pattern, we use phase-based coronagraphic masks, because transparent phase masks can transmit planetary light at small angular offsets from stars. The vortex phase mask (see Supplementary Information), which applies an azimuthal phase spiral in the focal plane, is expected to have close to ideal performance 18 , and so we developed and installed a K s -band (2.15 mm) vector vortex mask in the Palomar infrared camera 19 . Figure 1 coincident with the domain of influence of the adaptive optics system's deformable mirror (which should extend to about 2.4 arcseconds). The green dashed curve shows our final 4s contrast detection limit after the last step of reference star subtraction with the LOCI algorithm. A relatively flat 4s detection limit of around 2 3 10 25 is seen at most radii beyond our inner cut-off of 1l/D, owing to the contribution of the background. This contrast level corresponds to an equivalent 1s wavefront error of around 7 nm root-meansquare, slightly more than an order of magnitude below the starting value. Our final detection limit is also within a factor of two of the statistical photon noise expected from the coronagraphically attenuated starlight and the background, given by the blue dashed curve. On bright stars under good seeing conditions, contrasts several times better than this should be possible with the well-corrected subaperture.
Large telescopes currently typically reach contrasts of about 10 24 to 10 25 at smallest angular separations from stars of the order of 10l/D. Detections closer to stars with much less demanding contrast differences are of course possible 11, 22 . The Keck discovery images 1 (for example Fig. 3 ) provide a very good example of current capabilities. In Fig. 3 , an inner region with a radius of around 0.4499, or about 10l/ D, is blanked out as inaccessible. Our ability to detect planets at contrasts of a few 10 25 in to around 1l/D (see Fig. 2 ; note that the theoretical half-power transmission 7, 18 of a vortex is about 0.9l/D) is thus clearly a step forward, demonstrating that a small aperture can reach smallest angles (about 300 milliarcseconds) comparable to those that the largest telescopes can reach, by combining a coronagraph intrinsically capable of reaching small angles with a high degree of wavefront correction, so as to push the contrast profile both inward and downward. Table 1 gives the measured positions and fluxes of the three detected HR 8799 planets, and Fig. 2 shows the decade-long orbital shift of HR 8799b relative to the published Hubble Space telescope image 2 . The inner 'c' and 'd' planets were not detected by Hubble, and our positional error bars are not yet small enough to detect significant orbital motions for planets 'c' and 'd' relative to more recent images from large ground-based telescopes, because astrometric accuracy is inversely proportional to telescope diameter. On the other hand, the ability to image LETTERS planets roughly an order of magnitude closer to stars in terms of diffraction beamwidths will clearly ease the search for faint planets around nearby stars. In particular, a small-angle coronagraph and a currentgeneration adaptive optics system could enable smaller (for example, 1.5-4 m) ground-based telescopes to carry out high-contrast disk 23 and exoplanet observations, especially important for time-intensive surveys.
Of course, next-generation adaptive optics systems on large ground-based telescopes [12] [13] [14] [15] will be needed to reap the full benefits of small-angle coronagraphs. Reaching the smallest possible angles is important both because reflected-light planets increase in brightness closer to stars, and because observing young planets still in formation requires access to more distant stars. Reaching the smallest possible angles is also important for potential space-based telescopes aiming at terrestrial exoplanets, because it allows the telescopes to be smaller and more affordable. For example, even a 2-m space telescope with an innermost angle of about 1.5l/D at l 5 0.6 mm can access potential planets within approximately one astronomical unit of stars to a distance of about 10 parsecs, a volume which encompasses several hundred stars, thus providing a reasonable possibility of uncovering nearby terrestrial analogues.
